Summary :
The present study was undertaken to demonstrate the collateral branches of the corticospinal (CS) fibers in the upper cervical segments of the rhesus monkey spinal cord and to examine the ultrastructure of these collateral branches.
A lesion was induced in the posterior limb of the left internal capsule where the CS tract fibers pass. This resulted in degeneration of the CS fibers of the ipsilateral medullary pyramid, contralateral and ipsilateral funiculi of the spinle cord. Examination of the number of degenerated CS fibers in the contralateral lateral funiculi of the second and fourth cervical segments (C 2 and C 4) at the light microscopic level, revealed that C 4 had more degenerated CS fibers than C 2. Such an increase in degenerated fibers of C 4 compared to C 2 was due mainly to an increase in the small-sized group of degenerated CS fibers. The increased degenerated CS fibers were not evenly distributed in the lateral funiculus of C 4, but condensed in a particular region of the lateral funiculus of C 4, i. e., ( 1 ) the centro-medial areas in all cases, and ( 2 ) the lateral areas in some cases. Ultramicroscopic observations revealed that the degenerated CS fibers had a collateral branch projecting from the node of Ranvier.
It is concluded that the CS fibers have collateral branches, and the increased degenerated CS fibers observed after the lesion of the internal capsule were due partially to degeneration of such collateral branches.
The quantitative method has been an important instrument in studying the corticospinal (CS) tract since the first systematic and extensive work on the number of CS fibers by Lassek and Rasmussen (1939, 1940 (Futami et al., 1979) .
In the present study, an attempt was made to study the collateral branches of the CS tract fibers in the lateral funiculus by the quantitative method and from ultramicroscopic observations. Some of the data presented in this paper have been published previously (Terashima, 1981a (Terashima, , 1981b ).
Materials and Methods
Five adult rhesus monkeys weighing from 3.0 to 3.5 kg were subjected to pyramidal tract lesions for use in the present series of investigations. These animals were also used in a previous study (Terashima, 1981a) , in which the materials and methods were described in detail. Briefly, the animals were anesthetized with pentobarbital sodium (Nembutal, 5 mg/kg), and clamped in a stererotaxic instrument. At the site of craniotomy, an electrode was inserted towards the posterior limb of the left internal capsule, and its localization was confirmed by inducing movements of the contralateral forelimb. Lesions were produced by passing a direct current of 30 mA, for 60 sec, and then the electrode was removed.
The survival period after the operation was 59-117 days ( Table 1 ). The experimental animals were sacrificed by perfusion with a mixed solution of 4% paraformaldehyde and 0.25% glutaraldehyde in Millonig's buffered solution (adjusted to pH 7.20) under pentobarbital anesthesia. After removal of the brain and the spinal cord, tissue blocks of the pyramid and each segment of the spinal cord were postfixed in 2% osmic acid in the same buffered solution, followed by the usual embedding prodecure in Epon 812. Semithin section of 1 pm in thickness were stained with toluidine blue or paraphenylene-diamine.
Under a dissecting microscope, the medial portion of the lateral funiculus just adjacent to the intermediate gray matter was localized in tissue blocks of C4. It was excised from that portion and attached to a holder for the preparation of ultrathin sections. These ultrathin sections were mounted on copper grids, and stained with uranyl acetate and lead citrate.
The stained sections were then photographed under a Hitachi HU-12 electron microscope. On the other hand, the brains were removed and immersed in 10% formain for adequate periods of time, embedded in celloidin, and cut into 40 pm thick serial sections. The sections were stained with routine Mayer's hematoxylin-eosin stain and Yashiro's myelin sheath stain to investigate the precise site and extent of the lesions.
Quantitative method for degenerated myelinated fibers under the light microscope
The degenerated myelinated axons were observed by light microscopy with the aid of a net ocular micrometer (10 X 10 mesh measuring 1 x 1 mm in width) inserted into the ocular lens. The degenerated . myelinated fibers with a diameter exceeding 10 pm were classified into the largesized group, those ranging from 5 pm to 10 pm into the medium-sized group, and those less than 5 pm into the small-sized group.
These degenerated fibers were plotted on section papers at a magnification of 40 times with a camera lucida. Since degenerated fibers within the gray matter were not stained by osmic acid due to the lack of myelin sheath, counting of the degenerated fibers was limited to the white matter of the second and fourth cervical segments of the spinal cord.
Results
After induction of the lesions, all experimental animals demonstrated flaccid paralysis of the contralateral (i. e., right) upper limb.
Autopsy and histological examinations of the removed brains showed that the lesions were localized in the rostral portion of the posterior limb of left internal capsule. The histological studies revealed degeneration in the medullary pyramid and contralateral lateral funiculi of the spinal cord . From the above findings, it was concluded that the degenerated myelinated axons were corticospinal (CS) fibers.
I. Quantitative analysis of the degenerated CS fibers observed in the contralateral lateral funiculi of the second and fourth cervical segments (C2 and C4)
In all cases, the degenerated fibers in C4 exceeded in number those in C2
(Text- Fig. 1 ). The value of the ratio between the number of degenerated fibers in C4 and that in C2 ranged from 1.44 (Case 4) to 8.88 (Case 2). The increase in number of the degenerated fibers of C4 compared to those of C2 was due to increases in the small-and medium-sized group of degenerated fibers ( Table 2 , Text- Fig. 1 ). In general, the degenerated fibers belonging to the large-sized group in C4 increased in number compared to those in C2 (Cases 2, 3, and 4), but occationally, the former decreased in number compared to the latter (Cases 1 and 5) ( Table 2) . Thus, degenerated fibers belonging to the large-sized group were not always contributory to the increase in number of degenerated fibers. It was found that (1) the degenerated CS fibers in the centro-medial squares in C4 were the most numerous, and they exceeded Table 3 . Fiber spectrum of the lateral funiculi of the second and fourth cervical segments (C2 and C4) of the spinal cord on the affected side.
Text- Fig. 2 . Case 1. Upper ; the blackened area represents the lesion site induced by electrocoagulation.
In this case, the posterior limb of the left internal capsule, and the adjoining structures such as the caudate nucleus and globus pallidus, were destroyed. Middle: these two illustrations plot precisely the degenerated CS fibers representing the degeneration in the second and fourth cervical segments (C2 and C4) , respectively. The dot ( • ) represents a degenerated CS fiber classified into the small-sized group, the cross ( x ) that of the medium-sized group, and the open circle (0) that of the large-sized group. In the lateral funiculi of both C2 and C4 three bands (A, B and C) , each consisting of a row of several squares (250 pm x 250 pm in width) , are demarcated.
The location of each band in C2 corresponds respectively to the location of each band in C4. Bottom: diagrams A, B and C show the numbers of degenerated CS fibers per square in band A, B and C, respectively.
The left extremity of the baseline represents the lateral margin of the lateral funiculus, and the right extremity represents the medial margin of the lateral funiculus. The open histograms above the baseline give the number of degenerated CS fibers in C2, and the solid histograms below the baseline give the number of degenerated CS fibers in C4. Note that the centro-medial squares of bands A, B and C in C4 have more degenrated CS fibers than those in C2. Middle and bottom: note that the lateral funiculus of C4 has more degenerated CS fibers in the most lateral square, and that the centro-medial ones of bands A and B exceed those in the equivalent ones in 02 (diagram C) . 5 shows that the centro-medial squares in C4 always had more degenerated CS fibers than the equivalent squares in C2.
III.
Electron microscopic observations of the collateral branches. The entry zone, i. e., the medial margin of the lateral funiculus of C4, was dissected out from the tissue block using a dissecting microscope, attached to the holder by a cementing material. Then, ultrathin sections were prepared.
Normal nerve fibers with collateral branches
Normal axons in the lateral funiculus occasionally have one or more collateral branches projecting from the node of Ranvier (Plate 1, Figs. 1 and 2) . The Lateral left : the degenerated CS fibers of C4 in the contralateral lateral funiculus exceed in number those of C2.
Lower right the densities of degenerated CS fibers per square in the bands of C4 exceed those in the equivalent squares of C2, expecially in the medially located ones.
T . Terashima, Y. Inoue, and K. Shimai diameter of the proximal portion of the collateral branch is slender, but it is larger in the distal part (Fig. 1, Cl) . Thus, the outline of the collateral resembles a mushroom.
Adjoining the axolemma of the poximal portion of the collateral branch, the cytoplasmic processes of the oligodendroglia pile up, constituting a lateral loop of mylin sheath (Fig. 1, inset) .
From the contralateral side of the parent axon, another collateral branch projects (Fig. 1, C2 ). Such collateral branches have several mitochondria and neurofilaments which enter the axoplasm of the collateral branch from the parent axon.
The collateral branch projecting from the node of Ranvier of the normal parent axon is also shown in Fig. 2 (C) .
Degenerated
CS fibers with no collateral branches After lesion induction in the internal capsule, the CS fibers degenerated orthogradely (Figs. 2 and 3, CS) . Fig. 3 shows node of Ranvier of the degenerated CS fiber (CS) with no collateral branches. Myelin lamellae at the lateral loop splits off, and the electron density of the cytoplasmic processes of the oligodendroglia at the lateral loop increases (Fig. 3,  arrowheads) .
In the axoplasm, multivesicular bodies and swollen endoplasmic reticulum are present.
The axolemma and myelin lamellae at the distal end invaginate into the axoplasm. Aggregated mitochondria and abundant vesicles are present in the collateral branch.
Degenerated CS fibers with a collateral branch Fig. 4 shows the degenerated CS fiber (CS) with one collateral branch (C) projecting from the node of Ranvier. In the axoplasm of the parent axon, irregularly outlined vacuoles are present.
The axolemma and myelin lamellae at the distal end invaginate into the axoplasm.
Aggregated mitochondria and abundant vesicles are present in the collateral branch.
Discussion
The major findings emerging from the present study were as follows. (1) observations revealed that the degenerated CS fibers had a collateral branch projecting from the node of Ranvier (Fig. 4) . It is concluded that CS fibers have collateral branches, and the increased degenerated CS fibers in C4 after lesion induction in the internal capsule were partially due to degeneration of the collateral branches appearing in the upper cervical cord.
Multiple branching of myelinated fibers has been well documented in the PNS (Ranvier, 1878: Ha, 1970), but rarely reported in the CNS (Tourneaux and le Goff, 1875 ; Cajal, 1910) . Insofar as we are aware, there are five studies presenting evidence of branches or collaterals arising from the node of Ranvier in the CNS at the ultramicroscopic level. These describe branching at the central nodes in the cerebral cortex of normal rabbits and albino mice (Khattab, 1966 ; 1968) , multiple myelinated branches arising from the node of Ranvier in the rat ventrobasal complex of the thalamus (Lieberman et al., 1972) ., 1978) . Furthermore, many investigators counted the numbers of CS fibers in a few parts selected randomly from the total area, and then calculated the total number. However, as shown in the present study, the CS fibers are not evenly distributed in the lateral funiculus of the spinal cord, so that to calculate the total number of fibers from several parts without surveying all the areas could give rise to erroneous conclusions.
The precise role of these collaterals of CS fibers in the upper cervical cord remains unknown.
They apparently play a complicated role in the functioning of the nervous system (Wiesendanger, 1969), probably in the multisegmental control over the motor nuclei of plural spinal segments. The diameter of one collateral branch (Cl) is slender in the proximal part, so that its outline resembles a mushroom. At the axolemma of the basal part of Cl, the cytoplasmic processes of the oligodendroglia pile up, and constitute a lateral loop. From the contralateral side of the parent axon, the other collateral branch (C2) projects.
Mitochondria and neurofilaments enter into the axoplasm of Cl from the parent axon (P). Fig. 2 . This figure shows a degenerated axon (CS) and normal axon (P) with a collateral branch (C) . After lesion induction in the internal capsule, the CS fiber degenerated orthogradely.
This degenerated axon is one of such CS fibers.
Plate II Fig. 3 . This figure shows the node of Ranvier of the degenerated myelinated fiber (CS) which has no collateral branch.
Myelin lamellae at the lateral loop splid off, and the electron density of the cytoplasmic proecesses of the oligodendroglia (arrowheads) at the lateral loop increases.
The outline of the mitochondria is not clear. Fig. 4 . This figure shows a degenerated CS fiber (CS) with one collateral branch (C) projecting from the node of Ranvier.
In the axoplasm of the parent axon, irregularly outlined vacuoles are present.
